Introduction
============

The existence of pronounced interindividual differences in behavior and cognitive function is abundantly clear, even when observing those individuals around us on a daily basis. Many of these differences in behavior are based on personal experiences, resulting in individual human uniqueness via acquired behavioral change through either conscious learning or unconscious conditioning. The extreme range of interindividual differences in human behavior and cognitive function is further illustrated by considering neuropsychiatric conditions that span a broad range---schizophrenia, affective disorders, intellectual disabilities, autism. This review and commentary considers the broad hypothesis that the individual\'s epigenetic state, which we will refer to as their "epigenotype," is a molecular mechanism contributing to interindividual variation in behavior and cognition. Indeed, we propose that the epigenome is a driver of both normal individual variation and neuropsychiatric dysfunction. This is not a new concept; it has been discussed extensively in prior literature, not only in biomedicine but also in that for general readership.^[@ref1]-[@ref13]^ Nevertheless, in this review we will endeavor to provide a succinct overview of epigenetic molecular mechanisms, their role in experience-driven interindividual behavior, and their probable role in neuropsychiatric disorders.

Epigenetics: the interface of genes and experience
==================================================

The relative contributions of "nature" versus "nurture" to an individual\'s behavior has been debated for millennia, as exemplified in Western literature by the writings of both Greek and Roman philosophers. Modern terminology and understanding has recast the discussion more along the lines of genes versus environment/experience/learning. However, recent discoveries over the last 2 decades or so, based on studies in a wide range of biological and medical disciplines, have clearly indicated that there is a third component to the broad conceptual organizing scheme regarding "nature" versus "nurture." That third component is epigenetic molecular mechanisms *([Figure 1](#DialoguesClinNeurosci-18-289-g001){ref-type="fig"},* see ref 2). Epigenetic mechanisms operate at the interface of genes and environment/experience, as has been illustrated by studies from a diverse set of fields including environmental toxicology, cancer biology, developmental biology, genetics, evolutionary biology, molecular biology, and neuroscience.

![The epigenome as an interface between genes and environment/experience, and its role as a driver of individuality. See text for discussion.](DialoguesClinNeurosci-18-289-g001){#DialoguesClinNeurosci-18-289-g001}

Epigenetic molecular mechanisms confer plasticity on biological systems as broadly defined, as well as on individual cells within an organism. Developmentally, they determine and drive cell fate of individual cells. In an interesting parallel, they also help to generate variance at the organismal level. Thus, it is now becoming clear that at the organismal level epigenetic mechanisms confer variation and uniqueness on single individuals.

Nowhere is this more striking than when considering mammalian central nervous system (CNS) function. Learning and memory clearly utilize epigenetic mechanisms in order for experience to drive lasting behavioral change in an animal.^[@ref14]-[@ref18]^ Epigenetically driven imprinting and modulation of genes influences behavior across generations, as perhaps best illustrated by considering Angelman syndrome and Fragile X mental retardation.^[@ref11]^ Environmental influences including neonatal nurturing shape the CNS epigenome, with attendant changes in behavior.^[@ref7]^ Drug abuse is closely linked to altered epigenetic marking in the CNS.^[@ref19]^ Finally, and most relevant to this commentary, a wide variety of neuropsychiatric disorders are associated with alterations in the CNS epigenome, in both animal models and human studies (see refs 19-62, *Table I).*

###### Neuropsychiatric disorders associated with epigenetic mechanisms or epigenetic disruption. This list is not exhaustive, but rather is representative. ATR-X, alpha-thalassemia X-linked mental retardation; PTSD, posttraumatic stress disorder.

  **Neurodevelopmental disorders including autism spectrum disorders**
  ----------------------------------------------------------------------
  Rubinstein-Taybi syndrome
  Angelman syndrome
  Rett syndrome
  Pitt-Hopkins syndrome
  Fragile X mental retardation
  ATR-X syndrome
  Coffin-Lowry syndrome
  Kleefstra syndrome
  **Aging-related and neurodegenerative disorders**
  Cognitive aging and mild cognitive impairment
  Alzheimer disease
  Parkinson disease
  Hereditary sensory-autonomic neuropathy type 1 (HSAN1)
  Huntington disease
  Psychosis and affective disorders
  Schizophrenia
  Depression
  Bipolar disorder
  Stress/hyperactivity
  PTSD
  **Drug abuse and addiction**
  Cocaine
  Alcohol
  Nicotine
  Amphetamine/methamphetamine
  Opiates

Against this backdrop, it is important to have some basic understanding of molecular epigenetic mechanisms that operate in the CNS, especially since these mechanisms are powerful regulators of CNS gene transcription and regulation. CNS epigenetic marking can not only regulate the particular splice variants that are "read out" of the genome within a neuron, but can also completely silence the readout of an entire gene. (or thousands of genes) within a cell. For this reason, in the next section we will review the basic categories of epigenetic molecular marks that have been best established as operating in the CNS.

What is the epigenome?
======================

There are four major categories of epigenetic marks that have been found to operate in the mammalian CNS (thus far, *[Figure 2](#DialoguesClinNeurosci-18-289-g002){ref-type="fig"}*):

![Schematic representation of epigenetic marks. (A) DNA is condensed within the nucleus through interactions with histones. The DNA-protein complex is referred to as chromatin. (B) The N-terminal tail of a histone has several sites for epigenetic marking that can promote or repress gene transcription. (C) Methylation of DNA in which a methyl group (red diamonds) is transferred to cytosines in genomic regions in and around gene promoters rich in cytosine-guanine nucleotides (CpG islands). (D) A variety of noncoding RNA gene products also confer epigenetic regulation on neural systems.](DialoguesClinNeurosci-18-289-g002){#DialoguesClinNeurosci-18-289-g002}

1.  First, it is important to realize that genes are physically condensed in cells and have a specific three-dimensional structure that is shaped by not only the conformation of the DNA double helix but also the interaction of DNA with histone proteins. The DNA-histone complex is referred to as chromatin, and chromatin structure broadly defined is a powerful regulator of gene readout in the CNS. The nucleosome is the fundamental subunit of chromatin. A nucleosome comprises about two turns of DNA wrapped around a core set of eight histones. Each histone octamer contains two copies each of the histone subunits H2A, H2B, H3, and H4. Chromatin structure can be regulated by processes such as adenosine triphosphate (ATP) - dependent remodeling and by broadly acting, but not well understood, processes of distal interactions between chromatin particles operating across large stretches of the genome.

2.  The amino-terminal tails of individual histones in the histone octamer comprising the core of the chromatin particle are subject to a multitude of posttranslational modifications, including phosphorylation, acetylation, methylation, and ubiquitination. Furthermore, individual subunits within the octamer can be swapped in and out, a process known as histone subunit exchange. All of these modifications can be read out in a combinatorial fashion, either activating or inhibiting transcription.

3.  DNA itself is also subject to direct covalent chemical modification, including having a methyl group added to cytosines within the DNA polymer. Cytosine methylation can occur on either one or both strands of the DNA. DNA methylation is typically suppressive for transcription of the associated gene, but in some instances gene-activating DNA methylation has been observed.

4.  Noncoding RNA transcribed from the genome can also be powerful regulators of gene readout, in most cases through noncoding transcripts interacting directly with messenger RNAs (mRNAs), altering their capacity to be translated into protein products. Types of noncoding RNAs include long noncoding RNAs (IncRNAs), micro RNAs (miRNAs), small noncoding RNAs (snRNAs), silencing RNAs (siRNAs), and RNA interference (RNAi) mechanisms involving double-stranded RNA adducts.

The fact that these mechanisms are in play in the CNS may explain some of the failures in genetic screening in trying to understand genotypes related to neuropsychiatry disorders. There is a major hidden layer of mechanisms, the epigenetic mechanisms, that are operating to control gene function in the CNS, and these mechanisms are not detected by traditional genetic screening processes, genome-wide association study (GWAS) analysis, etc. This is particularly notable to consider for high-incidence and complex neuropsychological disorders such as schizophrenia and autism(s).

For this reason, we (and others) propose that epigenotyping must begin to be implemented as part of large-scale screens to identify "genetic" bases of neuropsychiatry disorders.^[@ref1],[@ref53]-[@ref62]^ However, with currently available equipment and infrastructure, many aspects of this approach are technically and technologically daunting. Five limitations are worth highlighting as an introduction to these issues. First is the lack of convenient access to DNA-containing cells other than blood lymphocytes and buccal epithelial cells in patient samples, clearly a limitation when peripheral DNA does not have the same epigenotype as the relevant pathology-associated cells in the CNS. To what extent peripheral DNA will accurately report the CNS epigenotype is an open question at this point. Second, whereas DNA cytosine methylation is highly stable chemically and thus quite amenable to patient sampling, histone and other chromatin modifications are fairly labile and subject to rapid reversal. Third, added to this is the immense heterogeneity of DNA chemical marks, which may each have their own effects on transcription. Two examples to illustrate this point are cytosine methylation versus cytosine hydroxymethylation and the vast number of histone epigenetic marks that an individual cell may accumulate. The high combinatorial variability of histone modifications is particularly relevant in this regard.^[@ref8],[@ref13]^ Moreover, two or more copies (alleles) of each gene are typically present in a cell, and each allele may not be epigenetically identical. Fourth, at present, there is uncertainty concerning whether any specific DNA methylation change(s) affects gene transcription, and whether they are activating or inactivating depending on genomic context. In other words, no Rosetta Stone algorithm exists concerning how a specific DNA methylation event is going to be read out in terms of gene transcription. Finally, as a practical matter, the expense of epigenotyping is a rate-limiting factor in terms of broad implementation. Methylomic analysis, which requires extensive whole-genome-level DNA sequencing, is the most practical target for epigenotyping at present. Epigenotyping of chromatin-associated proteins will probably be limited to small human population studies and characterization of relatively homogeneous animal models in the near future.

Despite these challenges, technological advances are beginning to make epigenotyping practicable, especially true of DNA cytosine methylation. Anticipated near-future technical and instrumentation advances will make this option increasingly affordable. For these reasons, the exciting prospect exists of applying broad-scale epigenotyping to clinical and basic science studies (see refs 1,53,63 for examples). In the next section, we will address---as a hypothetical---how such an effort might be undertaken.

Integrating epigenetics into personalized medicine
==================================================

How would our new understanding of the epigenome be integrated into initiatives to realize a personalized medicine approach and implement precision medicine? As illustrated in the bottom portion of *Figure 1,* individuality encompasses a specific clinical phenotype of a patient or subject. Thus, a comprehensive approach is necessary, involving genotyping, epigenotyping, and deep phenotyping in order to implement advanced precision medicine.

When considering the implementation of this approach for clinical studies, it is highly desirable to organize health care providers involved in assessing and treating the disorder under study into one clinical service in order to provide a single portal of contact/entry for families and subjects to enter the clinical system undertaking the study. Evaluations of all patients should be consistently applied and with high reproducibility, and they should be multidisciplinary, with neurologists, psychiatrists, psychologists, speech and hearing experts, and so forth, on site for evaluating and treating patients in a coordinated fashion. Aspects of this idealized approach may sound like a statement of the obvious, but in many "real-world" cases it is difficult to achieve consistency and multidisciplinarity because of departmental and clinical service boundaries.

The attribute of having a single entry point to the patient care pathway provides an exceptional opportunity for broad-scope clinical characterization and neurobehavioral phenotyping (ie, "deep phenotyping"). Particularly powerful is the opportunity to leverage clinical expertise and infrastructure by combining it with cutting-edge genomic and epigenomic characterization of patients entering the clinical study. Coupling the principles of precision genomic/epigenomic medicine with the broad phenotypic and clinical characterization of study subjects positions the study to clearly define and characterize the neuropsychiatric disorder of interest. Genotypes await discovery for most neuropsychiatric disorders, and in this fashion the genetic and epigenetic mechanisms underlying rare and idiosyncratic disorders can be ascertained in a scope and depth not attainable otherwise. These considerations also set the stage for identifying and exploiting novel therapeutic targets. As well, these discoveries allow development of new genetically engineered vertebrate (rat/mouse/zebrafish) model systems for further in-depth mechanistic, phenotypic, and drug discovery/development endeavors. Needless to say, such a milieu could provide an unparalleled training environment for enabling and shaping the next generation of clinical and scientific leaders in the field of research into neuropsychiatric disorders.

Epigenotyping studies will require technical infrastructure around the molecular genetics components and would probably include collaborations with top-notch genomics facilities. These leveraging technical resources would enable truly cutting-edge and high-throughput next-generation sequencing (NGS) and bioinformatics platforms to be applied to both basic science and clinical research in these endeavors. However, an additional consideration is the need for expert support related to bioinformatics as specifically targeted to the neuropsychiatric disorder under study. Generic bioinformatics resources and platforms are enabling but not sufficient, due to highly specialized types of bioinformatics analysis that are project-specific for neuropsychiatric research.

Patient studies and animal model studies of this sort will enable a new, more detailed understanding of transcriptional and epigenetic disruption in neuropsychiatric disorders and their relationship to human cognitive function, broadly speaking. The scope of the problem of understanding transcriptional and epigenetic dysregulation in neuropsychiatric disorders is immense, and realistically speaking, reduction to simple hypotheses is difficult. For this reason, bioinformatic and computational/mathematical modeling approaches will be required for comprehensive and comprehendible development of theoretical models of transcriptional regulation in neuropsychiatric disorders. Innovative studies combining cutting-edge genomics, epigenomics, and transcriptomics with computational biology will be transformative not only for neuropsychiatric research specifically but also for neuroscience as a discipline.

Also, additional resources will be required in support of developing new approaches to precision behavioral diagnostics and clinical phenotyping of neuropsychiatric disorders in this context.^[@ref64]^ Clinical phenotyping involving research to develop and validate objective measures for use in clinical trials, targeting core symptoms of neuropsychiatric disorders, is critical for success. The Research Domain Criteria (RDoC) approach that was initiated by the National Institute of Mental Health (NIMH) has begun to make an impact in these areas, and building on this foundation would enable national-level progress in this domain, especially when coupled with molecular/genetic diagnostics as described above.^[@ref64]-[@ref66]^

There also are additional technological aspects to implementing the approach with regard to the epigenotyping per se. When considering implementation of this approach, and on the basis of currently available criteria, we see that in general there are three categories of molecules related to epigenotyping that can be considered as a complement to now-traditional DNA nucleotide sequence genotyping and whole-exome/transcriptome sequencing: (i) measurements of DNA cytosine methylation; (ii) miRNAs; and (iii) IncRNAs. DNA cytosine methylation can be quantitated genome-wide using bisulfite sequencing approaches or, alternatively, more affordable NGS-based approaches such as methyl binding domain-targeted DNA pull-down plus highthroughput sequencing (MBD-seq). For investigating miRNAs, it is reasonably affordable to use whole-transcriptome small RNA-targeted high-throughput nucleotide sequencing (small RNA-seq) to comprehensively identify and quantitate the small regulatory noncoding RNAs (siRNAs, miRNAs, snRNAs, and Piwi-interacting RNAs \[piRNAs\]) whose levels are altered in association with the disorder under study. Quantitating these several categories is a nice complement to wholetranscriptome mRNA-targeted high-throughput nucleotide sequencing (mRNA-Seq) to comprehensively identify and quantitate the genes whose transcription are altered (increased or decreased) in response to a neuropsychiatric condition because they potentially provide insight into specific mechanisms that might underlie alterations in gene transcription. Finally, NGS-based sequencing of non-polyA-tailed RNAs to selectively identify IncRNAs can quantitate this important category of epigenetic regulator.

It is important to note that a major limitation to this overall epigenotyping approach is that these studies will not determine in a comprehensive fashion *how* DNA demethylation and other epigenetic changes at the cellular level gets translated into altered neural and behavioral function. A comprehensive and unbiased genomic and epigenomic approach can identify specific sites of methylation changes, genome-wide and specifically at disease-associated genes. However, these data only allow one to assess correlative changes in DNA methylation and associated transcriptional changes, even though one is using a genome-wide approach. Trying to mechanistically tie these specific changes at single gene exons to complex multicellular, multicomponent processes like neuropsychiatric disorders is quite difficult *at this point* because of the current limitations in our understanding of the means by which alteration of even a single gene transcript is transduced into functional synaptic changes. This means that the approach is a phenomenological approach to demonstrate that DNA methylation and other epigenetic changes occur and are capable of contributing to the disorder under study. A full understanding of how any change in DNA methylation gets transformed into functional changes in the cell and synapse will require further investigation. In addition, the biological material that is readily accessible in human studies, eg, blood samples and lymphocytes, may not fully or even partially reflect molecular changes in the CNS. Resolution of this issue awaits further detailed study. Finally, there is a plethora of potentially relevant epigenetic changes in a wide variety of cell types in the central nervous system and peripherally.^[@ref62]^ This large number of different epigenetic marks will complicate defining specific epigenetic changes that are correlated with, or diagnostic for, specific neuropsychiatric disorders.

However, the proposed approach can yield substantive mechanistic insights allowing the generation of new hypotheses. The studies thereby serve as a foundation for formulating future specific hypotheses concerning how DNA methylation and other epigenetic mechanisms might control persisting changes in synaptic and neural circuit function at the molecular level, and for ultimately understanding how transient or persisting changes in epigenetic marks manifest themselves in altered neural and cognitive function.

Two case studies: schizophrenia and Rett syndrome
=================================================

In this final section, we will comment on two interesting "case studies" of neuropsychiatric disorders that have been proposed to be (at least partially) mediated by an epigenetic mechanism, namely DNA methylation-related neuroregulation. The two case studies are at opposite ends of the spectrum as related to the quantity and quality of the data available regarding their genetic and epigenetic basis. Schizophrenia is one example; here the genetic basis has been elusive and the epigenetic basis remains quite speculative. The autism spectrum disorder Rett syndrome is the other example; here the genetic basis and epigenetic relevance is clearly and unambiguously defined. In this respect, these two neuropsychiatric disorders serve as a compare-and-contrast example.

Schizophrenia is a case where large-scale human genetic screening has by and large failed to nail down a clear cause based on genetics, genomics, and GWAS studies. Around a decade or more ago there was palpable excitement that a genetic basis for schizophrenia would be quickly revealed in the new genomics era. However, this view has given way to a more realistic understanding that genotyping alone is not sufficient to define schizophrenia or probably even subtypes of schizophrenia. Thus, lately it has been proposed that DNA methylation and other epigenetic marks may be the missing piece of the puzzle and that epigenotyping studies may enable a more complete understanding of genotype/epigenotype/clinical phenotype correlations in schizophrenia.^[@ref1],[@ref52],[@ref61],[@ref64]^

This line of thinking regarding an epigenetic hypothesis of psychosis is compellingly motivated by several arguments. As already described, the epigenome, broadly speaking, represents a hitherto unknown molecular interface between experience and the genome. As a potent controller of gene transcription, enabling in many instances the complete silencing of a methylated gene, epigenetic mechanisms represent a very appealing potential mechanism for driving the transcriptional changes documented to occur in schizophrenia. Epigenetic approaches have previously been applied in schizophrenia, scientists having recognized the unique potential of an epigenetic approach in this area.^[@ref54]-[@ref56]^ Many investigators also recognize the critical role of epigenetic mechanisms in modifying genetic expression by environmental events.^[@ref56],[@ref57]^ A number of human studies have already tried to develop peripheral markers of CNS epigenetic remodeling in psychosis and related disorders.^[@ref58]-[@ref61]^ Thus, given its unknown molecular genetic pathology, schizophrenia is appealing as a candidate neuropsychiatric disorder influenced or driven by epigenetic mechanisms.

This hypothetical scenario with schizophrenia stands in contrast to Rett syndrome, an autism spectrum disorder and neurodevelopmental intellectual disability syndrome for which epigenetic mechanisms are clearly implicated. Rett syndrome has an identified genetic basis, which is mutation of the methyl-CpG binding protein MeCP2, a "reader" of the cytosine methylome. Although the precise mechanisms through which MeCP2 implements the cytosine methylation signal in the genome are not understood, MeCP2 is clearly a mechanistic link between DNA cytosine methylation and neural function in the CNS. Although we will not describe Rett syndrome in detail here because it has been extensively reviewed in the literature,^[@ref67]^ Rett syndrome is illustrative of two important take-home messages in the context of this commentary. First, the very existence of the syndrome clearly demonstrates a crucial role for the methylome in regulating behavioral and cognitive function. Second, Rett syndrome is a compelling case illustrating that the epigenome and its read-out can mediate human variation and individuality.

Finally, Rett studies serve as proof of concept that sufficiently deep phenotyping can enable discovery of underlying mechanistic causes of neuropsychiatric disorders. The "syndromic" autism spectrum disorders, by definition, can be delineated from each other and from nonsyndromic autism by sufficiently precise clinical phenotyping. This parsing of, for example, Rett syndrome from Angelman syndrome from Pitt-Hopkins syndrome from Fragile X mental retardation through clinical phenotyping allowed individuating these disorders one from another. This in turn allowed relatively rapid identification of genetic subtypes diagnostic for these disorders, correlated with great precision to specific genetic alterations, within the broad categories of "autism spectrum disorders" or "pervasive developmental delay not otherwise specified." Similar deep phenotyping at the clinical level of other types of autistic disorders, or indeed even broad categories such as psychotic illnesses or affective disorders, might conceivably enable similar advances.

Summary and closing comments
============================

This review describes the emerging idea that epigenetic mechanisms, especially histone modifications and DNA cytosine methylation, contribute to individual variation in human cognition and CNS function. This idea is fascinating because the same mechanisms are used for triggering and storing long-term "individuality" at the cellular and developmental level, for example, when cells differentiate. We have also emphasized that DNA methylation is a dynamic process in the adult CNS, involved in controlling long-lasting changes in synaptic function and behavior and driving acquired behavioral uniqueness. In addition, these types of findings strongly indicate that we can no longer think of DNA methylation and other epigenetic marks as being static: set up during development as a permanent change. Instead, DNA methylation is subject to active and ongoing regulation in the developing and adult nervous system, controlled by behavioral and environmental experience.

This concept clearly has important implications for the mechanisms potentially contributing to the development and perpetuation of human individuality, as well as individual phenotypes that may present with disease. In this regard then, comprehensive genomic/epigenomic/transcriptomic assessment of the correlates of neuropsychiatric disorders, such as have been delineated in this review, will be necessary for full implementation of precision medicine in the future.
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